Rheinland. This a significantly larger value than previously obtained from analysis of the astrometric survey observations. We next use the obliquity constraint for Rheinland to eliminate some degree of uncertainty in the past propagation of its orbit. This is because the sign of the past secular change of its semimajor axis due to the Yarkovsky effect is now constrained. Determination of the rotation state of the secondary component, asteroid (54827) 2001 NQ8, is the key element in further constraining the age of the pair and its formation process.
Introduction
Pairs of asteroids residing on very similar heliocentric orbits were recently discovered in the Hungaria population and in the main belt (e.g., Vokrouhlický & Nesvorný 2008; Pravec & Vokrouhlický 2009; . The orbits of components in a pair, often too similar to be a random fluke in the background population of asteroids, suggests a common origin. Indeed, by backward integration of orbits of paired asteroids, we were able to identify, for most cases, specific epochs in the past tens to hundreds of kys when the two components become very close to each other. These close encounters were interpreted as formation events of the pairs during which the two components gently separated from a common parent body.
Asteroid pairs thus share some fundamental properties with the related asteroid families, the similarity being the most apparent for the very young families (e.g., Vokrouhlický & Nesvorný 2011) : notably, members in both pairs and families arise as fragments from a disintegrated parent asteroid.
However, it has been unclear whether they also share a common formation process.
Indeed, while the larger asteroid families are obviously of collisional origin, Vokrouhlický & Nesvorný (2008) have discussed several other putative formation processes for the asteroid pairs. The hunt for identification of the formation process of the asteroid pairs motivated Pravec et al. (2010) to conduct photometric observations of the primary (larger) components in numerous pairs. Their main results can be summarized as follows: (i) there is a strong correlation between the rotation period of the primary component and mass ratio of the two asteroids in the pair, and (ii) there is a lack of pairs with mass ratio of the two asteroids larger than ≃ 0.2. The asymptotic behavior of (i) above is as follows: in pairs where one component is much smaller than the other, the primaries systematically rotate very fast (near the rotation fission barrier observed for solitary asteroids; e.g., Pravec -5 -et al. 2002) , whereas in pairs that have a smaller mass ratio between the larger and smaller components, the primaries systematically rotate very slow. These observations convincingly demonstrate that most of the asteroid pairs were formed by rotational fission rather than catastrophic (collisional) breakup of the parent body (cf. Pravec et al. 2010 ). The YORP effect 1 has been suggested as the underlying physical mechanism that brought the parent body rotation to the fission limit.
To further characterize the principal formation process of the asteroid pairs, it is important to both (i) continue observations of parameters of the whole population, and
(ii) also characterize selected pairs as precisely as possible. This work goes along the (ii)
line. Already Vokrouhlický & Nesvorný (2008) recognized that the pair of asteroids (6070) Rheinland and (54827) 2001 NQ8 is somewhat exceptional among other known pairs since it allows the most precise determination of its age. This is because the age is young, ≃ 17 kyr only, and the two asteroids are large enough such that effects of both dynamical chaos and thermal forces are minimized in their past orbital evolution. Vokrouhlický & Nesvorný (2009) extended and substantiated the previous work by taking into account also mutual gravitational forces of the two components in the initial phase of their separation.
Statistical analysis of the angle between the angular momenta of the heliocentric orbital motion of Rheinland and the mutual motion of the two components at their separation let these authors to conjecture that Rheinland's rotation should be preferentially retrograde rather then prograde. In this paper we probe this conjecture by direct determination of Rheinland's pole orientation ( § 2 and 3). Using this information, we revisit determination of the age for this pair by backward tracking of its components' orbits into the past ( § 4).
1 The YORP effect is due to torques of scattered sunlight on the asteroid surface, as well as those due to the thermal radiation of the body itself (e.g., Bottke et al. 2002 Bottke et al. , 2006 ).
-6 -
Observations
Previous photometry of Rheinland, from its favorable opposition in 2009, has been reported in the Supplementary materials of Pravec et al. (2010) . In this paper, we report additional observations from three oppositions in 2008, 2009 and 2010-2011 . Altogether we thus present 34 lightcurves whose observation details, such as the aspect data, heliocentric and observer distances, and observing stations are given in Table 1 . A more detailed information about the telescopes and data reduction procedures could be found in the Supplementary materials of Pravec et al. (2010) .
The data from 2008 are limited, yet they are important for our modeling because they offer a new viewing geometry and help constraining the precise value of the sidereal rotation period. The data from the 2009 opposition are very numerous, reach up to 28
• phase angles before and after opposition and cover an interval of 4 months. This is because Rheinland's orbit with respect to the ecliptic, this latitude difference of the observations was still rather small. As a result, determination of Rheinland's rotation pole longitude is problematic and has larger uncertainty ( § 3).
Most of the data are on relative magnitude scales, either in clear or R filters, but the where Rheinland is located, we estimated its absolute V magnitude H = 14.17 ± 0.07.
Interestingly, this value is significantly larger than H = 13.6 given by the MPC database or H = 13.7 given by the AstDyS databse (both use data from astrometric surveys). This example shows importance of the dedicated and accurate photometry in specific projects like analysis of the asteroid pairs.
Pole and Shape of Rheinland
We used the lightcurve inversion method of and to derive Rheinland's shape, sidereal rotation period and spin axis direction from the available data described in § 2. 2 We assume the body rotates about the shortest axis of the inertia tensor which is fixed in the inertial space. This is because between data with a very low scatter of the neighboring measurements from those with large scatter of the neighboring measurements, and assign appropriate relative weights to the data. We also assume a convex shape represented with a polyhedron of a certain number (typically hundreds to thousands) of surface facets whose areas are given by the exponential representation described in . We only consider a combination of the Lommel-Seeliger and Lambert scattering of the sunlight on the surface of the asteroid. The method seeks to adjust free parameters in order to minimize a target function of a χ 2 -type.
3
In fact, our observations confirm that (6070) Rheinland is very close to the principal axis rotation mode, which is by itself an interesting result. Note that a characteristic timescale to damp a tumbling state is about 1 My for this body (see, e.g., Harris 1994), while the age of the Rheinland-2001 NQ8 pair is much younger ( § 4). This implies that the disruption process that has led to this pair formation was very gentle and did not excite Rheinland's rotation. Actually, the same conclusion holds also for many primaries in sub-My old pairs analysed by Pravec et al. (2010) . values for individually best-fitted shape models. Since the χ 2 values were normalized by number of degrees of freedom, the solutions with χ 2 ≃ 1 would formally match the data in a statistical sense. However, we recall that the photometric observation uncertainties may not strictly-speaking obey the Gaussian statistics and that also systematic and modeling errors are important. For these reasons, the globally best-fit solution has χ 2 = 1.6. To make the best-fit solution statistically acceptable, we would have to increase the formal errors of the measurements by about 25%. The χ 2 -isocontour shown in Figure 2 corresponds to solutions with 10% larger χ 2 value than the global minimum (i.e., χ 2 ≃ 1.8), which we consider still admissible. Because in our case N ≃ 1750 and the number of parameters M ≃ 100, the number of degrees of freedom is ν = N − M ≃ 1650, and the 10% increase of χ 2 corresponds to about 3σ interval of the χ 2 distribution with ν degrees of freedom. 5 We consider solutions with χ 2 > 1.8 values to be inadmissible, as, indeed, they show too large inconsistencies between the observed and computed magnitudes. Adopting this approach to the estimation of the uncertainty of our model, we may conclude that the ecliptic longitude of Rheinland's pole is not well constrained yet, but the ecliptic latitude must be smaller than ≃ −50
• .
With only very small inclination of the orbit with respect to the ecliptic plane (its proper and (O − C) i is the difference between the observed and computed brightness. For relative photometry, the lightcurves can be arbitrarily shifted on the magnitude scale.
5 The χ 2 distribution with ν degrees of freedom has mean ν and variance 2ν (e.g., Press et al. 2007 ).
-10 -value is ∼ 2.18 • ), our result thus implies that the obliquity ε of Rheinland's pole is ≥ 140
with the best-fit solution value of ≃ 165
• . Rotation period solutions of Rheinland within the admissible zone differ by at most ≃ 2 × 10 −5 hr. We can thus consider this value as a realistic uncertainty of our solution for the sidereal rotation period for (6070) Rheinland.
The best-fit shape of Rheinland is shown in Figure 3 are important not only to shrink the persisting uncertainty in the pole position, but also to confirm this interesting surface feature. Unfortunately, the next favorable opposition which will provide novel viewing geometry on the asteroid, and the target will be bright enough, starts only in November 2013 and lasts till January 2014.
Implications and Discussion
The above obtained constraint of the pole orientation for (6070) Rheinland may help us to refine determination of its age using backward integration of orbits of the two components in this pair. This is because the known obliquity importantly constrains the -11 -value of Yarkovsky effect, one of the two factors that limit our ability of an accurate (deterministic) orbital reconstruction in the past.
Backward Orbital Integrations
Detailed description of the age determination of a given pair of asteroids using backward integration of their orbits was given by Vokrouhlický & Nesvorný (2008 , 2009 ).
Here we only outline the main features of the approach, especially if relevant to findings in this paper.
The currently best-fit osculating orbits of both (6070) Rheinland (primary) and (54827) 2001 NQ8 (secondary), derived from the available astrometric observations, are given in Table 2 . These data were taken from AstDyS database provided by University of Pisa (see http://newton.dm.unipi.it/orbfit/). Both orbits are fairly well constrained at a comparable level, reflecting that both asteroids have been observed over many oppositions and hundreds of astrometric measurements are available for each of them. Table 2 gives information about the uncertainty of the six orbital osculating elements E, but the complete solution obviously provides also the full covariance matrix Σ of the orbital fit, from which mutual correlations can be derived. While these correlations are only moderately significant, with the largest correlation of ∼ 80% between the semimajor axis and longitude in orbit solutions, it is important to take them into account. Based on this information, we construct probability density distribution
Gronchi 2010), where ∆E = E − E ⋆ with E ⋆ the best-fit orbital values given in Table 2 . All solutions E with high-enough value of p(E) ≥ C, where C is related to a given confidence level, are statistically equivalent and thus we cannot consider E ⋆ as the only orbital realization of either primary or secondary components in our pair of asteroids. Choosing a number of orbits which will represent each of the asteroids in our numerical simulation, This uncertainty is very small and would have allowed even more precise age determination of the pair if there were not for the second source of the uncertainty in the past ephemerides for both components. This latter effect is due to uncertainty in the dynamical model, in particular parameters that influence strength and direction of the thermal accelerations known as the Yarkovsky effect (Bottke et al. 2002 . The main -13 -orbital perturbation by the Yarkovsky effect is a secular change in the semimajor axis, whose magnitude and sign depends on asteroid's size, surface thermal inertia and rotation state. While the asteroid's size can be roughly estimated from the absolute magnitude and assumed value of geometric albedo, the surface thermal inertia and rotation state are apriori unknown from astrometric observations. Thermal inertia influences only the magnitude of the effect to a factor which is typically not more than ∼ 5 (e.g., Vokrouhlický et al. 2000) , however the spin axis obliquity value determines the overall sign of the semimajor axis drift: for prograde-rotating asteroids the semimajor axis increases in time while for the retrograde-rotating asteroids decreases in time. As a result, having been able to constrain
Rheinland's obliquity value, we remove a significant degree in uncertainty in its past orbital evolution. As described in Vokrouhlický et al. (2000) , the semimajor axis secular change due to the Yarkovsky effect da/dt directly propagates into a quadratic perturbation in the longitude in orbit. The Yarkovsky effect thus adds additional component to the orbital stretching in the long-track direction, and over the ≃ 17.2 kyr timescale it becomes more important than the effect of the initial orbit uncertainty. Using Eq. (30) in Vokrouhlický et al. (2000), we obtain ±(0.6 • − 0.7 • ) longitude in orbit uncertainty of the Rheinland's orbit ≃ 17.2 kyr ago. 6 This is ≃ 30 times more than the spread of geometrical clones at the same time. Because the Yarkovsky effect magnitude is indirectly proportional to the 6 We used ∼ 3.9 km size estimate from the absolute magnitude determined in § 2 and assumed geometric albedo ≃ 0.25, and thermal inertia ∼ 200 J/m 2 /s 0.5 /K, appropriate mean value for small asteroids of Rheinland's size (e.g., Delbò et al. 2007 ). Since we consider an albedo value near the upper limit of the S-type class asteroids of Rheinland's absolute magnitude, the obtained size is rather an underestimate. As in Vokrouhlický & Nesvorný (2008 , 2009 we adopt this conservative approach not to exclude any possible Yarkovsky drift-rates of the semimajor axis from our analysis.
-14 -asteroid's size, the along-track uncertainty is even larger for the secondary component (54827) 2001 NQ8, for which in amounts to ±(1.1
This is again an effect ≃ 30 times larger than that produced by the uncertainty of the initial orbital data for this asteroid.
We model the influence of unconstrained Yarkovsky effect by assigning to each geometric clone a spectrum of Yarkovsky accelerations. We call these different orbital 
Rotation State of (54827) 2001 NQ8 and Formation Scenario
While we obtained some convergent solutions for the opposite rotation sense of the secondary component 2001 NQ8 as compared to Rheinland, we had an order-of-magnitude more solutions for the same sense of rotation of both components in the pair. If we were to attribute a pure statistical meaning to this difference, we were to conclude that the case of parallel spin orientations of both components in the Rheinland-2001 NQ8 pair is a more likely case. Obviously, such a conclusion is problematic because so far we do 7 The smaller value of the long axis for clones of 2001 NQ8, as compared to that given above, is because we propagate cases for positive and negative Yarkovsky drift rates in two different simulations. 
Future Fate of (6070) Rheinland
While the solution of the rotation state and shape of Rheinland in § 3 is still very limited, we may use it to estimate the value of a secular change in its rotation rate υ = dω/dt due to the YORP effect. One should take this exercise as an example of interest rather than a true prediction, since the YORP effect have been shown to eventually depend on many unknown or inaccurately known parameters such as the small-scale structures of the asteroid shape (e.g., Statler 2009; Breiter et al. 2009 ) or inhomogeneities in the density distribution (e.g., Scheeres & Gaskell 2008) . Taking thus the best fit solution for Rheinland's shape and rotation state from § 3 we obtain υ ≃ 10 −9 rad/d 2 . In terms of magnitude, this is about the expected value for an asteroid of its size and heliocentric distance if we appropriately scale the directly detected YORP values for (54509) YORP (e.g., Lowry et al. 2007; Taylor et al. 2007) , (1862) Apollo (e.g., Kaasalainen et al. 2007) or ( larger observation datasets, may modify our result, we consider this to be an example of a process that may actually be frequent for small asteroids in the main belt: a sequence of fission events driven by YORP torques that continually erode the body by mass shedding and producing either paired secondaries or binary systems. We note that the estimated timescale above is quite shorter than the collisional lifetime of Rheinland, some ∼ 1 Gy according to Bottke et al. (2005) . Unfortunately, the small value of υ means that we will not be able to directly measure YORP effect for this asteroid any soon. 8 One can easily estimate that at least four to five decades with suitably distributed data are necessary for this task.
We thank Alan Harris for his thorough review which improved this paper. 8 On the other hand, the long timescale for YORP acceleration of Rheinland's rotation rate is fortunate, since the currently observed rotation rate of Rheinland is the same as at the moment of separation. So the observed rotation periods of primaries of the pairs directly probe the separation process of components in the asteroid pairs (Pravec et al. 2010) . Kh -Kharkiv Observatory, 0.7 m; Si -Simeiz Observatory, 1 m).
-24 - provided by the OrbFit9 software (http://newton.dm.unipi.it/orbfit/). We use heliocentric equinoctical system of non-singular elements as of May 2011: a is the semimajor axis, (h, k) = e (sin ̟, cos ̟) where e is the eccentricity and ̟ is the longitude of perihelion, (p, q) = tan(i/2) (sin Ω, cos Ω) where i is the inclination and Ω is the longitude of node, and λ = ̟ + M is the mean longitude in orbit (M is the mean anomaly). Default reference system is that of mean ecliptic of J2000. In the case of the primary component, (6070) Rheinland, we use absolute magnitude H value determined in § 2. In the case of the secondary component, (54827) 2001 NQ8, we adopted the absolute magnitude H value given by the Minor Planet Center. 
